This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. In this study, we investigated the roles and mechanisms of miR-204 in human intrahepatic cholangiocarcinoma (ICC). Methods: The relative expression of miR-204 in ICC tissues and cell lines was monitored by qRT-PCR. Effects of miR-204 were studied in human ICC cell lines HuH28 and HuCCT1, and cells were analyzed for proliferation, migration and invasion. Expression levels of miR-204 target gene Slug and EMT markers (E-cadherin and vimentin) in ICC cell lines and tissues were measured by qRT-PCR, western blotting and immunofluorescence. Results: miR-204 was frequently downregulated in human ICC, and the low-level expression of miR-204 was significantly associated with lymph node metastasis. Overexpression of miR-204 dramatically suppressed ICC cell migration and invasion, as well as the epithelialmesenchymal transition process (EMT). Slug was identified as a direct target of miR-204, and its downregulation by miR-204 in HuH28 cells reversed EMT, as shown by the increased expression of the epithelial marker E-cadherin and decreased expression of the mesenchymal marker vimentin. Conclusion: These findings suggest that miR-204 plays negative roles in the invasive and/or metastatic potential of ICC, and that its suppressive effects are mediated by repressing Slug expression.
Introduction
Intrahepatic cholangiocarcinoma (ICC) is the second most common type of primary liver cancer (PLC), and both its incidence rate and mortality are increasing drastically in recent years [1, 2] . Like many other solid tumors, metastases are the main cause of death from ICC. In order to metastasize, tumor cells must pass through a multistep process in which local invasion is considered to be an initial, essential step leading to the formation of a secondary tumor nodule [3] . Recent studies have shown that aberrant activation of the embryonic morphogenetic program, termed the epithelial-mesenchymal transition (EMT), is frequently implicated in tumor cell invasion [4] . EMT is a complex process that enables cancer cells to dissolve their cell-cell junctions, acquire migratory properties, and become motile mesenchymal cells [5, 6] . This process of EMT is associated with the downregulation of the epithelial marker E-cadherin and the upregulation of mesenchymal marker vimentin [7] . Several transcription factors are also known to play a central role in the activation of EMT, such as SNAI1 (Snail), SNAI2 (Slug), ZEB1 and ZEB2, all of which directly repress E-cadherin gene transcription [8, 9] .
MicroRNAs (miRNAs) are a class of endogenous noncoding RNAs of 20-22 nucleotides. Processed mature miRNA can interact with the 3'-untranslated region (UTR) of target messenger RNA (mRNA) causing degradation and/or translation repression [10, 11] . Through down-regulating the target gene expression, miRNAs play important roles in regulating almost every biological process, including cell proliferation, apoptosis, differentiation, and migration [12, 13] . Meanwhile, a large body of evidence indicates that abnormal expression of miRNAs correlates with various cancers including ICC. Several miRNAs have been reported to be dysregulated in ICC, such as miR-21, miR-124 and miR-214 [14] [15] [16] , which act as tumor suppressors or oncogenes in the progression of ICC. In addition, miRNAs function as crucial modulators for EMT. The miR-200 family and miR-205 have been identified as EMT-suppressive miRNAs directly targeting ZEB1, SIP1, or NCAM1, thereby reducing the aggressiveness of cancer cells [17, 18] .
Recently, a previous profile study of miRNA expression has documented a downregulation of a series of miRNAs, including miR-204, in ICC tissues [19] . miR-204 has been shown to be down-regulated and serve as a potential tumor suppressor in several distinct cancer types including endometrial cancer, malignant peripheral nerve sheath tumors, gastric cancer, glioma, and hepatocellular carcinoma [20] [21] [22] [23] [24] [25] . However, the role of miR-204 in ICC progression and the molecular mechanisms by which miR-204 exerts its functions remain largely unknown.
In this study, we found that miR-204 was downregulated in ICC tissues and cell lines. Overexpression of miR-204 in ICC cells suppressed cell migration and invasion. More importantly, we provide novel evidence that miR-204 overexpression inhibited EMT by directly targeting Slug. Our findings provide a clearer understanding of the role of miR-204 in ICC metastasis and suggest a potential application of miR-204 in cancer treatment.
Materials and Methods

Tissue samples and cell lines
Human ICC tissues were obtained from patients who had undergone ICC surgery at Eastern Hepatobiliary Surgery Hospital, Second Military Medicine University (Shanghai, China). Clinicopathological characteristics of the patients are presented in 
RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from tissues or cells using TRIzol reagent (Invitrogen) following the manufacturer's instructions. miRNAs were isolated using a miRNeasy Mini Kit (Qiagen, Valencia, CA, USA). The PCR primers for miR-204 and RNU6B were obtained from RiBoBio (Guangzhou, China). The primers for Slug were 5'-TGT TGC AGT GAG GGC AAG AA-3' (forward) and 5'-GAC CCT GGT TGC TTC AAG GA-3' (reverse). qRT-PCR reactions were performed on the ABI PRISM 7900HT System (Applied Biosystems, Foster City, CA, USA) using SYBR Premix Ex Taq II (TaKaRa, Dalian, China). The RNU6B RNA or β-actin levels were used as normalization controls, and the relative expression levels were calculated using the 2 −ΔΔCt method. All reactions were performed in triplicate.
Lentivirus infection and oligonucleotide transfection
The pre-miR-204 sequence and Slug coding sequence were obtained from Origene (Rockville, MD, USA). The sequences were cloned into the pGCSIL-GFP lentiviral vector. The production, purification, and titration of lentivirus was performed as previously described [26] . HuH28 and HuCCT1 cells were infected with the recombinant lentivirus-transducing units in the presence of 8 μg/mL polybrene (Sigma-Aldrich, St. Louis, MO, USA). Empty lentiviral vector was used as a control. Anti-miR-204 and negative control were designed and synthesized by Qiagen. HuCCT1 cells were transfected with antimiR-204 or anti-NC using Lipofectamine 2000 (Invitrogen). Cells were collected 48 h after transfection.
Plasmid construction and luciferase assays
The 3'UTR fragment of Slug (NM_003068) was amplified by PCR using the following primers: 5'-AAT GCG GCC GCA GTC TGT AAT AGG ATT TCC CAT AGG-3' (forward) and 5'-CTA Table 1 . Clinicopathological characteristics of ICC Patients (n = 30) GAG CTC CGC CAG GAA TGT TCA AAG CTA ATC T-3' (reverse). To mutate the binding site of miR-204, its complementary sequence in the 3'UTR of Slug (AAAGGGA) was replaced by AAGACGA. The PCR products were digested using NotI and XhoI and inserted into the psiCHECK2 vector (Promega, Madison, WI, USA). miR-204 expressing or control cells were seeded into 24-well plates and cotransfected with the wild-type (WT) or mutated Slug 3'UTR reporter plasmids and pRL-TK using Lipofectamine 2000 reagent (Invitrogen). Luciferase assays were performed 48 h after transfection using the Dual Luciferase Reporter Assay System (Promega). All experiments were performed in triplicate.
Cell proliferation assay
Cell proliferation assay was performed using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. Briefly, infected cells (2×10 ) were resuspended in 100 µl of serumfree RPMI 1640 medium and plated into the upper chamber of the insert. For invasion assays, chamber inserts were coated with 150 µg of Matrigel and dried overnight under sterile conditions. Then, 1×10
5 cells were added into the upper chamber. The lower chamber was filled with RPMI 1640 with 10% fetal bovine serum. After incubation at 37 °C for 24 h, the cells remaining on the upper surface of the membrane were removed, whereas the cells that had invaded through the membrane were fixed in 100% methanol, stained with 0.2% crystal violet, imaged, and counted under a microscope (Olympus, Tokyo, Japan). All experiments were performed in triplicate.
Western blotting
Whole cell protein lysates were separated on 10% SDS-PAGE and electrotransferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). After blocking in 5% nonfat dried milk solution for 2 h, the membrane-bound proteins were probed with primary antibodies overnight at 4°C. The membranes were washed and then incubated with HRP-conjugated secondary antibodies. Signals were visualized with enhanced chemiluminescence reagents (Millipore). The following primary antibodies were used: E-cadherin, vimentin, Snail, Slug, ZEB1, ZEB2 (Cell Signaling, Beverly, MA, USA), and β-actin (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA).
Immunofluorescence Cells were plated onto glass coverslips in 24-well plates and fixed for 30 min in 4% paraformaldehyde. The cells were permeabilized with 0.04% Triton X-100 for 10 min, and then probed with a primary antibody against Slug (Cell Signaling) for 1 h at 37 °C, followed by 3 washings with PBS and incubation with antirabbit-Alexa 594-conjugated antibodies (Invitrogen) for 30 min at room temperature. To detect nuclei, cells were counterstained with 4',6-diamidino-2-phenylindole , and images were taken on a fluorescence microscope (Olympus).
Statistical analysis
Statistical analysis was performed with SPSS 12.0. Data are expressed as the mean ± SD from at least three independent experiments. The difference between groups was analyzed using Student t-test when comparing only two groups or one-way analysis of variance when comparing more than two groups. P values of <0.05 was considered statistically significant.
Results
Down-regulation of miR-204 is associated with metastasis of ICC
In this study, the expression levels of miR-204 were first measured by quantitative realtime PCR (qRT-PCR) in 20 pairs of ICC and adjacent normal tissues. As shown in Fig. 1A , miR-204 expression was significantly reduced in ICC tissues compared to their matched normal tissues. Furthermore, in comparison to non-metastatic ICC tissues, miR-204 levels were significantly lower in metastatic ICC tissues (Fig. 1A) . Consistent with these observations, the expression of miR-204 was significantly decreased in four ICC cell lines compared with normal tissues (Fig. 1B) . These results indicate that reduced expression of miR-204 might play a critical role in ICC progression.
miR-204 inhibits the migration and invasion of ICC cells
To explore the potential biological function of miR-204 in ICC progression, we established stable-expression of miR-204 HuH28 cells by lentivirus infection, as HuH28 cells showed the lowest expression level of miR-204 in ICC cell lines (Fig. 1C) . Successful re-expression of miR-204 was verified by qRT-PCR ( Fig. 2A) . We found that overexpression of miR-204 had no effect on proliferation of HuH28 cells (Fig. 2B) . Intriguingly, miR-204 overexpression significantly suppressed the migration and invasion of HuH28 cells (Fig. 2C Qiu
and D)
. In contrast, we transiently transfected miR-204 inhibitor into HuCCT1 cells, which had relatively higher endogenous miR-204 expression, and successful inhibition of miR-204 expression was confirmed by qRT-PCR ( Fig. 2A) . As expected, miR-204 depletion did not change cell proliferation, but significantly increased cell migration and invasion in HuCCT1 cells ( Fig. 2B and D) . Altogether, these results demonstrate that miR-204 significantly inhibits the migration and invasion of ICC cells in vitro.
miR-204 suppresses EMT in ICC cells
In HuH28 cells, we observed that upregulation of miR-204 resulted in cell morphological changes from an elongated, fibroblast-like, mesenchymal phenotype to an epithelial (Fig. 3A) . These morphological changes were also associated with reduced expression of vimentin and increased expression of E-cadherin (Fig. 3B) . Conversely, HuCCT1 cells with miR-204 depletion showed morphological changes consistent with those of EMT (Fig. 3C) . The epithelial marker E-cadherin showed robust upregulation, while the expression of mesenchymal marker vimentin decreased (Fig. 3D) . These results suggest that miR-204 can partially repress EMT in ICC cells. Furthermore, we evaluated the effects of miR-204 overexpression on the expression of Snail, Slug, ZEB1 and ZEB2, which are direct transcriptional repressors of E-cadherin and potent EMT inducers, in HuH28 cells. Western blotting analysis showed that miR-204 overexpression significantly reduced Slug expression, whereas the expression of other factors had no significant changes (Fig. 3E) , suggesting that Slug may play an important role in the miR-204-induced cell effects.
Slug is a direct target of miR-204
To explore the mechanisms by which miR-204 inhibits EMT in ICC, we used two publicly available databases, miRanda and TargetScan, to identify potential targets of miR-204, especially those that are relevant to EMT. The transcription factor Slug was identified as a candidate target of miR-204, because the complementary sequence of miR-204 was identified in its 3'UTR (Fig. 4A) , and most importantly, its expression is reduced with upregulation of miR-204 (Fig. 3B) . To test whether Slug is a direct target of miR-204, the wild-type or mutant miR-204 target sequences of the Slug 3'UTR was cloned into the region immediately downstream of the Renilla luciferase gene. Luciferase reporter assays showed that overexpression of miR-204 significantly decreased the relative luciferase activity of Slug-3'UTR in HEK293T and HuH28 cells, but had no effect on the mutant of Slug-3'UTR (Fig.  4B) . Moreover, qRT-PCR, western blotting and immunofluorescence showed that miR-204 overexpression substantially decreased the expression of Slug in HuH28 cells, and that miR-204 depletion increased Slug expression in HuCCT1 cells (Fig. 4C and D) . Taken together, these results suggest that Slug is a direct of miR-204. 
Re-expression of Slug partially rescues miR-204-induced suppression of EMT, cell migration and invasion
To further determine whether miR-204 exerts its function through repression of Slug, we performed gain-of-function analyses by overexpressing Slug in miR-204-overexpressing HuH28 cells. As expected, overexpression of Slug partially rescued the morphological change caused by overexpression of miR-204 in HuH28 cells (Fig. 5A) . The upregulation of vimentin and the the downregulation of E-cadherin were also observed (Fig. 5B) . Consistent with these results, the restoration of Slug expression antagonized the inhibitory effect of miR-204 on cell migration and invasion (Fig. 5C ). Taken together, these results suggest that Slug is a functional target of miR-204.
miR-204 and Slug are inversely expressed in ICC specimens
To further investigate whether miR-204-induced modulation of Slug is of clinical relevance, we assessed the expression levels of Slug in clinical ICC tissues. Both qRT-PCR and immunohistochemistry showed that Slug expression was increased in ICC tissues with lymph node metastases compared with the lymph-node-negative primary ICC tissues ( (Fig. 6C) . 
Discussion
In this study, we showed that miR-204 was frequently downregulated in human ICC, and the low-level expression of miR-204 was significantly associated with a more aggressive tumour phenotype. In functional studies, overexpression of miR-204 dramatically suppressed ICC cell migration and invasion. We identified Slug as a direct target of miR-204, and its downregulation by miR-204 in HuH28 cells reversed EMT, as shown by the increased expression of the epithelial marker E-cadherin and decreased expression of the mesenchymal marker vimentin. These findings suggest that miR-204 may play important roles in the invasive and/or metastatic potential of ICC.
Downregulation of miR-204 is a frequent event in several cancers [20] [21] [22] [23] [24] [25] . Recently, mounting evidence indicate that miR-204 play crucial roles in tumor invasion and metastasis. Ying et al. showed that miR-204 simultaneously suppresses self-renewal, stem cell-associated phenotype, and migration of glioma cells. miR-204 also inhibits cell invasion and metastasis of breast cancer and ovarian cancer cells [24] . In this study, we also found that miR-204 was frequently downregulated in ICC tissues compared to their matched normal tissues, and the downregulated miR-204 was significantly associated with ICC metastasis. We subsequently confirmed that miR-204 overexpression significantly suppressed ICC cell migration and invasion, suggesting that miR-204 acts as a metastasis suppressor in ICC.
A proposed critical step in the progression of primary tumors toward invasion and metastasis is attributed to the process known as epithelial-to-mesenchymal transition (EMT). The well-established hallmark of EMT is the loss of E-cadherin, which is a prerequisite for epithelial tumor cell invasion [27] . In this study, we observed that overexpression of miR-204 in HuH28 cells induced morphological changes from an elongated, fibroblast-like phenotype to an epithelial cobblestone-like phenotype. Meanwhile, miR-204 overexpression significantly enhanced E-cadherin expression but decreased the expression of vimentin. Conversely, inhibition of miR-204 in HuCCT1 cells greatly increased E-cadherin expression. Furthermore, we found that miR-204 overexpression significantly reduced Slug expression, suggesting that Slug may play an important role in the miR-204-induced cell effects.
Slug, a member of the snail family of transcription factors, plays important roles in the regulation of EMT by suppressing the epithelial marker E-cadherin [28, 29] . Multiple lines of evidence suggest that upregulation of Slug contributes to invasive and metastatic behavior in several cancers [30] [31] [32] [33] . Furthermore, Zhang et al. showed that the expression of slug protein was frequently detected in ICC tissues; however, slug was not expressed in normal intrahepatic bile ducts or liver parenchyma. They also found that Slug was closely correlated with lymph node invasion [34] . In this study, we confirmed that Slug was a novel, direct and functional target of miR-204. This conclusion is supported by the following evidence: miR-204 overexpression decreased the luciferase reporter activity of wild-type 3'UTR but not mutant 3'UTR of Slug; Up-regulation of miR-204 significantly suppressed Slug mRNA and protein expression in ICC cells, whereas down-regulation of miR-204 increased Slug expression; the expression of miR-204 correlated inversely with the expression of Slug in human ICC tissues; overexpression of Slug in miR-204 overexpressing HuH28 cells rescued the suppressive effect of miR-204 on EMT, cell migration and invasion. These results demonstrate that the frequently downregulated miR-204 in ICC lead to the increased expression of Slug and in turn contribute to ICC metastasis and progression.
In conclusion, our results show that miR-204 is significantly downregulated in ICC tissues and cell lines. Overexpression of miR-204 negatively regulates EMT and suppresses cell migration and invasion. Furthermore, Slug is a direct and functional target of miR-204, and miR-204 exerts its function through downregulating Slug expression. Our data suggest that these molecules might represent potential targets for future treatment of human ICC.
